The objective determination of an optimal stimulation rate for CI users could save time and take the uncertainty out of choosing a rate based on patient preference. Electrically evoked compound action potential (ECAP) temporal response patterns vary across stimulation rates and cochlear regions, and could be useful in objectively predicting an optimal rate. Given that only one rate of stimulation can be used for current CI devices, we propose two potential ways to investigate whether a rate that produces stochastic ECAP responses (termed stochastic rate) can be used to predict an optimal stimulation rate. The first approach follows that of Hochmair et al. (2003) , which compared performance across three cochlear regions using limited electrode sets. This approach, which has inherent limitations, may provide insight into the effects of regionspecific stochastic rates on performance. The second, more direct, approach is to compare speech perception for full-array maps that each uses a stochastic rate from a different region of the cochlea. Using both of these methods in a set of two acute experiments, the goal of the present study was to assess the effects of stochastic rate on speech perception.
INTRODUCTION
Cochlear implant (CI) programming software allows for a number of parameters to be adjusted to give recipients the maximum benefit from their device. One of these parameters is the per-channel stimulation rate (i.e., the number of pulses per second [pps] delivered from an electrode pair to the auditory nerve). For adults, this parameter is typically chosen based on software default settings, subjective preferences, or formal measures of speech perception. Previous studies have shown that speech perception varies with stimulation rate and that the optimal stimulation rate varies across recipients (Kiefer et al. 2000; Loizou et al. 2000; Vandali et al. 2000; Holden et al. 2002; Nie et al. 2006; Arora et al. 2009 ). In addition, optimal performance is not always achieved by using the rate that is most preferred by the individual (Vandali et al. 2000; Holden et al. 2002; Arora et al. 2009 ). An objective method for determining optimal stimulation rate would save time and could allow for improved speech perception without the uncertainty of choosing a rate based only on patient preference.
It is possible that differences in performance as a function of stimulation rate result from underlying temporal response properties of the auditory nerve. This idea is supported by relationships between speech perception and perceptual aspects of temporal processing (Cazals et al. 1994; Fu 2002) . Electrically evoked compound action potentials (ECAPs) can be used to measure auditory nerve temporal responses. ECAP responses to pulse trains have been shown to vary with stimulation rate (Wilson et al. 1997; Rubinstein et al. 1999; Hughes et al. 2012 ) and may be useful for objectively predicting an optimal stimulation rate for individual CI recipients. ECAP measures have shown that temporal responses of the auditory nerve vary across different regions of the cochlea (Wilson et al. 1997; Hughes et al. 2012) . Current CI devices, however, can only be programmed using one stimulation rate across the electrode array. If ECAP responses can predict an optimal stimulation rate and one rate must be chosen, it is not clear which region of the cochlea should be used to make that prediction.
Few studies (Wilson et al. 1997; Rubinstein et al. 1999; Hughes et al. 2012 ) have characterized the temporal response properties of the auditory nerve for human CI recipients by measuring ECAPs for varying stimulation rates. These studies found that at slow rates (e.g., ~100 pps), nearly all auditory neurons fired with every pulse, resulting in ECAPs that were consistent in amplitude across pulses. As the stimulation rate was increased, ECAP responses showed an alternating pattern of high and low amplitudes as a function of pulse number. This pattern was likely the result of heterogeneous refractory-recovery periods across a population of neurons, resulting in different subsets of fibers discharging with each pulse. As the rate was increased further, the alternations decreased until eventually the ECAP responses stabilized at small, but relatively consistent amplitudes across pulses. Rubinstein et al. (1999) suggested that this marked reduction in alternation and amplitude
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Jennifer L. Bournique, 1 Michelle L. Hughes, 2 Jacquelyn L. Baudhuin, 2 and Jenny L. Goehring 2 of the ECAP responses at high rates of stimulation was due to desynchronization of auditory neurons. Using a computational model, they demonstrated that at high rates of stimulation, simulated auditory neurons achieved "pseudospontaneous" firing patterns, which yielded less synchronization across pulses. Because the neurons were no longer synchronized, separate smaller populations responded to each pulse, resulting in a consistently reduced ECAP amplitude pattern. Rubinstein et al. (1999) proposed that this pattern is more like auditory neuron behavior in acoustic hearing and may suggest that a better representation of the sound signal in electric hearing requires higher rates of stimulation. Additional benefits of pseudospontaneous firing include an expanded behavioral dynamic range due to lower thresholds (Hong et al. 2003 ) and potentially better temporal processing (Rubinstein et al. 1999 ). Hughes et al. (2012) termed the point of desynchronization the stochastic rate, defined as the stimulation rate at which the ECAP response discontinued alternating in amplitude across stimulus pulses. In that study, the stochastic rate was quantified for 29 CI recipients by measuring ECAPs for pulse-train rates of 900, 1200, 1800, 2400, and 3500 pps for a basal, middle, and apical electrode. It was found that the stochastic rates varied widely across individuals as well as across the three regions of the electrode array, consistent with results from Wilson et al. (1997) for a smaller group of subjects. This suggests that if ECAP temporal response patterns reflect the temporal processing that contributes to speech perception, the most benefit may result from varying the stimulation rate across electrodes (Wilson et al. 1997; Hughes et al. 2012) . Although simply using the fastest available stimulation rate would ensure that auditory neurons across all regions of the cochlea were desynchronized, the battery life of the CI processor would be reduced and longterm threshold shifts of auditory neurons may result (Litvak et al. 2003; Hughes et al. 2012) . Use of the stochastic rate may allow for desynchronization of the auditory neurons to occur more efficiently.
Given that only one rate of stimulation can be used for current CI devices (but more than one stochastic rate may exist across the cochlea), there are several potential ways to acutely investigate whether stochastic rate can be used to predict an optimal stimulation rate. The first approach, used by Hochmair et al. (2003) , tests speech perception using a limited number of electrodes restricted to either the basal, middle, or apical region of the electrode array. The benefit of this method for an acute study is that the maps should be somewhat equally novel because they only use a limited number of electrodes. This novelty should minimize the effects of prior use with a subject's daily stimulation rate, allowing for less biased comparisons between daily-use and stochastic rates. This approach may provide insight into the effects of region-specific stochastic rates on speech-perception performance. The primary limitation of this method is that it introduces spectral compression and spectral mismatch, which have been shown to be detrimental to speech understanding and may limit generalization of the results to a full-array condition (Fu & Shannon 1999a; Fu et al. 2002; Baskent & Shannon 2004) . Two studies (Hochmair et al. 2003; Pfingst et al. 2001) found that the best speech perception was obtained using the middle section of the electrode array. The middle-only map may have produced the best speech perception simply because spectral compression/mismatch is less severe than for basal-only or apical-only maps. When compressing full-array maps to apical-, middle-, and basal-only maps, the amount of change in place coding that occurs when using the middle-region map will be less than for apical-and basal-region maps, thus creating less frequency mismatch.
The second approach is to compare performance using the full electrode array with the subject's daily stimulation rate and each of three stochastic rates from three different electrode regions. This method offers the advantage of using the full set of electrodes that are used in daily listening, and avoids the problem of spectral compression/mismatch with the region-specific maps. However, this approach has limitations for an acute study because of the influences of extended experience with the daily stimulation rate compared with the relatively limited experience with each of the likely novel stochastic rates. Results across a number of studies have shown no definitive conclusion regarding the relation between speech perception and per-channel stimulation rate (see Shannon et al. 2011 for a summary); however, ECAP data show that different regions respond differently to different rates (Wilson et al. 1997; Hughes et al. 2012 ). If the one rate that a CI processor uses is "optimal" for only a portion of the array (but not for others), the implications for speech perception may be somewhat unpredictable and the representation of speech may be compromised differently across listeners. This may account for inconsistent results across previous studies.
Given the advantages and disadvantages of each approach described earlier, this study used both methods in a set of two experiments (Experiment 1 and Experiment 2, respectively) to acutely assess the effects of ECAP stochastic rate on speech perception. Because stochastic rates produce responses from the auditory nerve that are more like responses with acoustic stimulation (Rubinstein et al. 1999) , the use of stochastic rates might positively affect speech perception. The two acute experiments in the present study were designed to provide direction for subsequent studies that will assess the use of ECAP-based stochastic rates over longer periods of use.
EXPERIMENT 1: PARTIAL ELECTRODE ARRAY

MATERIALS AND METHODS
Subjects
For the first portion of Experiment 1, 22 ears were tested for 20 CI recipients: three Nucleus CI512 (Cochlear Ltd., Macquarie, New South Wales, Australia), 6 Nucleus 24RE(CA) (Cochlear Ltd.), 6 Nucleus 24R(CS) (Cochlear Ltd.), 3 HiResolution 90K (Advanced Bionics, Sylmar, CA), and four CII devices (Advanced Bionics). All subjects were tested with three maps that used their daily stimulation rate for a subset of only basal, middle, or apical electrodes to first explore the level of performance possible with region-specific maps. Inclusion criteria were Hearing in Noise Test (HINT) sentence scores >50% in quiet when tested in the CI-only condition with their daily-use map. This relatively high-performance criterion was adopted because of the difficult nature of the speech-perception tasks when using a limited number of electrodes.
For the second portion of Experiment 1, nine of these subjects were also tested using their stochastic rate in the three map conditions for a total of six maps (3 regions with the daily rate and 3 regions with the region-specific stochastic rate). The purpose of this subgroup was to investigate the effects of stimulation rate on speech-perception performance for each of the cochlear regions. These nine subjects participated in a previous study (Hughes et al. 2012) in which ECAP stochastic rates were determined for one basal, middle, and apical electrode. For that study, subjects had to have measurable ECAPs for all three electrode regions. These subjects also needed to have a device that supported speech processing with their stochastic rate (i.e., the Nucleus 24R[CS] cannot stimulate at 3500 pps).
Details for all subjects are listed in Table 1 . All subjects had a full insertion of the electrode array. All subjects were compensated for their participation. This study was approved by the Boys Town National Research Hospital Institutional Review Board under protocol 03-07-XP.
Procedure
All subjects using a Nucleus device were programmed using a laboratory Nucleus Freedom processor with a programming pod interface. A laboratory processor was used to assure that all subjects were tested using a processor known to be functioning correctly and to control for variability that might result from using different types of processors. Maps were created using Cochlear's Custom Sound 3.2 programming software (Cochlear Ltd.) to stimulate three separate regions of the electrode array. Basal, middle, and apical maps included electrodes 2 to 8, 9 to 15, and 16 to 22, respectively. A schematic showing the per-channel frequency allocations for the experimental maps relative to standard maps is shown in Figure 1 (Cochlear, top; Advanced Bionics, bottom) . Exceptions were made for one subject (F10) due to flagged electrodes 17 and 20. For this subject, the apical map included electrodes 14 to 16, 18, 19, 21, and 22. Map details for all subjects are listed in Table 2 .
Maps for all Nucleus recipients used a fixed frequency range of 188 to 7938 Hz in accordance with previous studies that have used fixed frequency allocations for maps that limited stimulation to a region of the electrode array (Fu & Shannon, 1999b; Pfingst et al. 2001; Hochmair et al. 2003) . Each map used seven maxima, as only seven electrodes were available for each region-specific map. In addition, each map used Adaptive Dynamic Range Optimization (ADRO) with no other preprocessing enabled. The processing strategy chosen in the software was the same as that regularly used by the subject (see Table 2 ) so the subject did not have to adapt to a new strategy.* Threshold (T) and comfort (C) levels were determined behaviorally for the endpoints and middle electrode within each set. All other T and C levels were interpolated by the software. T and C levels were measured using 500-msec pulse trains. T levels were set at counted thresholds and C levels were set at loud but comfortable, which was a rating of 7 on a 10-point loudness-rating scale. C levels were swept and balanced and adjustments made according to patient feedback for each of the three maps. Before testing began, the subject was asked to estimate the overall loudness of the settings, and global adjustments were made until the volume was most comfortable, a rating of 6 on the loudness scale.
Three region-specific maps were created in a similar fashion for subjects using Advanced Bionics devices. These subjects were programmed using a laboratory Harmony processor and clinical processor interface (CPI II). Maps were created using Advanced Bionics' SoundWave 2.0 programming software. Basal, middle, and apical maps included electrodes 15 to 11, 10 to 6, and 5 to 1, respectively (see Fig. 1 , bottom). T levels were set to where the recipient could just detect the sound, and most comfortable (M) levels were set to where the subject indicated sounds were most comfortable (rating of 6). T and M levels were measured for every other electrode in each map (3 electrodes per map) and interpolated for the remaining electrodes. A Ling sound check (/ɑ/, /u/, /i/, /s/, /ʃ/, and /m/) was performed with each map to ensure the subject could detect a range of speech frequencies. All subjects were able to detect the Ling sounds in all map conditions. Before beginning the speech-perception testing, one list from the Common Phrases test (Robbins et al. 1988) was practiced using live-voice stimuli to briefly familiarize the subject with the new map. The subject was asked to listen to and repeat each of 10 sentences three times: (1) without visual cues, (2) with visual cues if needed, and (3) again without visual cues. Total practice time was approximately 5 to 10 min per map.
Speech-perception materials were presented in the sound field at 60 dB SPL in a sound-treated booth. Bilaterally implanted subjects or those using a hearing aid were tested using only the CI included in the study. For bilaterally implanted subjects, the choice of which ear to include in the present study was based on previously obtained ECAP results (Hughes et al. 2012) or speech-perception inclusion criteria. Masking was not used for cases of possible residual hearing because relative increases or decreases in speech perception across maps were of primary interest in this study. Further, test conditions were already difficult, and masking may have produced floor effects. Three speech-perception tests were administered to every subject using recorded materials in each map condition: two HINT sentence lists (Nilsson et al. 1994) , one 50-item Consonant-Nucleus-Consonant (CNC) word list (Peterson & Lehiste 1962) , and one 70-item Iowa Medial Consonant Test randomization (Tyler et al. 1983 ). The Iowa Medial Consonants included /b/, /d/, /f/, /g/, /dʒ/, /k/, /m/, /n/, /p/, /s/, /ʃ/, /t/ /v/, and /z/ in an /ɑ/-consonant-/ɑ/ (ɑCɑ) context. The CNC word lists were taken from the original 10 lists and were chosen from those with similar mean In the upper portion of each panel, the electrode numbers for the full array are shown in a grid. The electrode groups used for the basal-, middle-, and apical-region maps are indicated with brackets. Selected frequency boundaries for the majority of subjects' daily-use full-array maps are shown for the endpoints of each region (Cochlear: 22-channel ACE; Advanced Bionics: 16-channel HiRes with Fidelity 120). In the lower portion of each panel, filter bands are shown for the region-specific maps.
scores (Skinner et al. 2006) . This test allowed for both word and phoneme scores to be calculated; however, only phoneme scores are reported for this experiment because of floor effects for the word scores. Subjects responded verbally to the HINT sentences and CNC words. For the Iowa Medial Consonant Test, subjects selected their response via a computer touch screen that displayed the closed set of 14 consonants. Test order, specific lists, and map conditions (basal, middle, and apical) were all randomized across subjects. The creation of maps and speech-perception testing occurred in one session.
For the nine subjects who were also tested using maps based on their ECAP stochastic rates, testing was completed in two sessions to minimize listening fatigue. The first session consisted of creating all six maps; the second session consisted of speech-perception testing. Two subjects (N4 and N7) were only tested using five maps. Subject N4 reached voltage compliance limits before T levels were attained for all electrodes within the basal stochastic map (rate = 3500 pps). For subject N7, the basal stochastic map was not judged to be loud enough without exceeding voltage compliance limits. This map also used a stimulation rate of 3500 pps. One exception was made to the use of seven maxima for subject R10. This subject used six maxima for each map because the Nucleus 24R(CS) does not allow for seven maxima with a rate of 2400 pps. For subjects using Advanced Bionics devices, the exact stochastic stimulation rate could not always be achieved due to software limitations. In such cases, the closest available stimulation rate was used, which never differed from the desired rate by more than 35 pps. Stochastic map details are listed in Table 2 . Map creation and speech-perception testing used the same procedure as previously described.
RESULTS
The primary purpose of Experiment 1 was to compare speech-perception performance across three regions, where stimulation was limited to a specific subset of electrodes (basal, middle, and apical). Figure 2 displays the mean speech-perception scores by electrode set for sentences (top), phonemes (middle), and medial consonants (bottom). For reference, mean performance with subjects' full-array daily-use map is included at the right of each panel. Near-ceiling performance with the daily-use map was obtained on most measures due to the inclusion criteria used for this study. Error bars indicate 1 SD above the mean. For all stimuli, mean performance was highest for the middle map. A one-way repeated-measures analysis of variance (RM ANOVA) revealed a significant main effect of electrode set for all three measures (F = 16.43, p < 0.001, df = 2 [sentences]; F = 16.71, p = 0.003, p < 0.01, df = 2 [phonemes]; F = 11.09, p < 0.001, df = 2 [medial consonants]). Post hoc analyses (Tukey test) revealed a significant difference between mean scores for the basal and middle maps (three asterisks represent p < 0.001, two asterisks represent p < 0.01) and between the middle and apical maps (p < 0.001) for both sentences and phonemes. The difference in mean scores between the basal and apical maps was not significant for sentences or phonemes (p > 0.09). For medial consonants, the difference in mean scores was significant between the middle and apical maps (p < 0.001) and between the basal and apical maps (p = 0.001). The difference in mean scores between the middle and basal maps was not significant (p = 0.94).
Although the mean data show significant differences across electrode sets, the error bars indicate considerable variability in individual performance. Table 3 indicates the number of subjects with best performance for each of the three electrode sets for each measure. Equal performance for two electrode sets for a stimulus was counted for both electrode sets. As shown in Table 3 , the electrode set producing the best performance varied across individuals. For sentences and phonemes, the majority of subjects (indicated in boldface) performed best using the middle map. For medial consonants, the majority of subjects performed best using the basal map. A two-proportion Z test, however, revealed that there was no significant difference between subject counts for the basal and middle region (z = 0.786, p = 0.43). Figure 3 displays mean performance for seven of the nine subjects tested using the region-specific maps, with the daily and stochastic rates. Only seven subjects are included in this figure because a full data set could not be obtained for the two subjects who exceeded voltage compliance limits for the basal stochasticrate map. Results are displayed for daily (white bars) and stochastic (black bars) rates by electrode set for sentences (top), phonemes (middle), and medial consonants (bottom). Mean performance with subjects' full-array daily-use map is again included at the right of each graph for reference. Mean performance was highest for the middle map in all stimulus conditions (2 asterisks represent p < 0.01; 1 asterisk represents p < 0.05). A two-way RM ANOVA was used to assess the factors of rate (daily versus stochastic) and electrode set (basal, middle, apical). Results revealed a significant effect of electrode set for all measures (F = 6.77, p = 0.007, df = 2 [sentences]; F = 6.64, p = 0.008, df = 2 [phonemes]; F = 5.17, p = 0.019, df = 2 [consonants]). There was no significant effect of rate (p > 0.5). There was a significant interaction between rate and electrode set (p = 0.016) for medial consonants because the stochastic rate yielded higher scores than the daily rate for the apical set only. For sentences and phonemes, post hoc analyses (Holm-Sidak) revealed a significant difference between mean scores with the basal and middle maps (p < 0.01 for sentences, p < 0.05 for phonemes) and between the middle and apical maps (p < 0.05 for sentences, p < 0.01 for phonemes). The difference in mean scores for the basal and apical maps was not significant for sentences or phonemes (p > 0.23). For medial consonants, there was a significant difference in mean scores between the middle and apical maps (p < 0.01) and between the basal and apical maps (p < 0.05). No significant difference in mean scores was found between the basal and middle maps (p = 0.48). HINT Sentences
CNC Phonemes
Iowa Medial Consonants Daily Stochastic Daily Stochastic Daily Stochastic
Basal 0 (0) 0 (0) 0 (0) 3 (1) 4 (1) 2 (2) Middle 6 (4) 5 (1) 7 (3) 3 (3) 3 (2) 3 (1) Apical 1 (0) 2 (2) 0 (0) 1 (0) 0 (0) 2 (1)
Counts indicate the number of subjects whose best performance occurred at a given cochlear region for each measure and stimulation rate. Values in parentheses denote subject counts for best overall performance across daily and stochastic rates within each measure. CNC, Consonant-Nucleus-Consonant; HINT, Hearing in Noise Test. Table 4 displays subject counts for the same seven subjects from Figure 3 . Counts indicate the number of subjects whose best performance occurred with a given electrode set for each measure and stimulation rate. Numbers in parentheses represent subject counts for best overall performance across both daily and stochastic rates within each test measure. The middle map yielded the best speech-perception scores for the majority of subjects for sentences and phonemes. For medial consonants, subject counts for best performance are comparable between the basal and middle maps. Looking at the numbers in parentheses, subject counts are also split similarly between daily and stochastic stimulation rate; nearly equal numbers of subjects performed better when using their daily stimulation rate as compared with those who performed better using their stochastic stimulation rate. This is consistent with conclusions from the mean data in Figure 3 , which revealed no significant difference between mean performance using daily and stochastic rate.
EXPERIMENT 2: FULL ELECTRODE ARRAY FOR DAILY AND STOCHASTIC RATES
MATERIALS AND METHODS
Subjects
The same nine subjects who participated using their stochastic rates in Experiment 1 also participated in Experiment 2. Experiment 2 was conducted at a separate visit after Experiment 1.
Procedure
Each subject was tested using a total of four full-array maps. The first map was the subject's daily-use map with the subject's individual processor (for a reference point, as in Figs. 2, 3) . The other three maps were tested using the same laboratory processors as in Experiment 1 (i.e., not the subject's own processor). One of these maps was a slightly adjusted version of the subject's daily-use map, where the preprocessing, mapping procedures, † and parameters (e.g., number of maxima) were consistent with the stochastic-rate-based experimental maps. The adjusted daily-use map, therefore, allowed for more equal comparisons between the daily-rate map and stochastic-rate maps. The last two maps used each of the subject's stochastic rates and the same parameters as the stochastic-rate maps in Experiment 1, differing only in the use of the full electrode array. Note that none of the subjects in this study had three different stochastic rates across the electrode regions tested (see Table 2 ). T-and C/M levels were measured for the three experimental maps as described for Experiment 1. The four maps were tested in random order.
For the two stochastic-rate maps, subjects practiced listening to vowels, consonants, monosyllabic words, and sentences for 30 min per map using the interactive aural rehabilitation tool Sound and WAY Beyond™ (Cochlear Americas). The purpose of this exercise was to briefly familiarize the subject with the novel maps. Subjects did not practice with the CD using the adjusted daily-rate map. Subjects were then tested on two lists of HINT sentences in quiet, two lists of HINT sentences in speech noise (+10 SNR), one list of CNC words in quiet, and one Iowa Medial Consonant randomization in quiet, as described in Experiment 1. These tests were presented in a randomized order and were not repeated from Experiment 1.
RESULTS
The primary purpose of Experiment 2 was to compare speechperception performance using full-array maps with daily and stochastic stimulation rates. Figure 4 displays the mean speechperception scores by stimulation rate for sentences in quiet (top left), sentences in noise (top right), CNC words (middle left), CNC phonemes (middle right), and medial consonants (bottom left). Error bars indicate 1 SD above the mean. Across all five tests, mean scores for the daily-rate map with the subject's own processor (Fig. 4, gray circles) were not significantly different (p > 0.5) from scores for the adjusted daily-rate map with the †Some of the participants completed their routine programming at another center. laboratory processor (Fig. 4, white bars) . Therefore, only the means for the adjusted daily-rate map with the laboratory processor were used for analysis. As previously mentioned, none of the subjects had three different stochastic rates. Therefore, scores obtained using a specific stochastic rate were included in the mean for each region with that stochastic rate. For example, subject R10 had a stochastic rate of 2400 pps for both the basal and apical electrode sets. This subject's speech-perception scores using the 2400 pps map were included in the mean for both the basal and apical groups. A one-way RM ANOVA revealed no significant main effect of stimulation rate for any of the speechperception measures (p > 0.05). This is consistent with the results found in Experiment 1, indicating no effect of stimulation rate on speech perception when tested in an acute experiment.
DISCUSSION
The main purpose of this study was to determine whether ECAP-based stimulation rates may provide an objective predictor of an optimal stimulation rate. The first experiment, based on an earlier study by Hochmair et al. (2003) , involved comparing speech perception across three maps that used a subset of electrodes representing cochlear regions for which ECAP stochastic rate had previously been measured. Several studies have investigated speech-perception abilities of CI users when only a specific region of the electrode array was stimulated or when a specific region was removed (Geier & Norton 1992; Fu & Shannon 1999b; Pfingst et al. 2001; Shannon et al. 2002; Hochmair et al. 2003) . The results obtained by the present study were consistent with those found by Hochmair et al. (2003) and Pfingst et al. (2001) , who also found that the middle region yielded the best speech perception. Fu and Shannon (1999b) reported the best performance for three CI recipients using more apical electrodes. Similarly, Geier and Norton (1992) and Shannon et al. (2001) observed the worst performance when apical electrodes were removed. The present study's methodology was most similar to that of Hochmair et al. (2003) and Pfingst et al. (2001) , in that a subset of electrodes centered in either the basal, middle, or apical section of the array was stimulated. Other studies used either more widely spaced electrodes (Fu & Shannon 1999b) or removed sections of the electrode array to create holes in the map (Geier & Norton 1992; Shannon et al. 2001 ). These procedural differences may have contributed to the differences in results across studies. In addition, while all of these studies used a fixed frequency allocation that was the same as or similar to that normally used by the subject, allocations differed across studies. Variation in results may also stem from differences in familiarization time, which varied from 0 to 10 min of open conversation.
The results of Experiment 1 may be partially explained by differences in spectral mismatch across the three electrode sets. CI users are susceptible to spectral mismatch, which occurs when the frequency-to-electrode allocation is changed. Such effects are most prevalent in acute measurements of speech perception. The greater the change from the CI user's everyday map, the more speech perception suffers (Fu & Shannon, 1999a; Fu et al. 2002; Baskent & Shannon 2004 ). In the present study, results showing better speech perception using the middle set of electrodes are confounded by the reduced spectral mismatch and greatest similarity to the user's everyday map. In addition, speech perception can improve for spectrally shifted maps over time with practice (Fu et al. 2005) . This suggests that in the present study, scores for the basal and apical electrode sets might have become more similar to the scores obtained using the middle electrode set with longer acclimatization periods. Spectral mismatch also limits the ability to generalize the results obtained using a partial-array to a full-array condition. That is, speech-perception performance using a subset of electrodes may have little relationship to performance using the entire electrode array.
Despite the significant findings of electrode set, variability in performance as a function of electrode set was noted across subjects for all stimulus measures. In Table 3 , for example, there is at least one subject per test who demonstrated his or her best performance for each of the electrode sets. These differences in performance may support the notion that variations in stochastic rate across regions of the cochlea may affect speech perception differently across subjects. Insertion depth of the electrode array, which can vary across CI recipients, was not controlled for in the present study and is a difficult variable to control in general. Consistency was maintained in Experiment 1 across measures within subjects by keeping the basal, middle, and apical electrode sets constant. The purpose of Experiment 1 was to examine the relative performance levels across the different regions of the electrode array for an individual, as differences across subjects were expected. However, it should be noted that all subjects had a full insertion of the electrode array.
The difference in best region across tests may be due to a number of differences between the three speech-perception tasks. Sentence and word stimuli include both vowels and consonants. Vowels contain primarily low frequency information, whereas consonants contain more high-frequency information. It is likely that speech materials are more easily perceived in the cochlear region that corresponds to the frequencies with the most energy in the stimulus, as spectral mismatch has been shown to be detrimental to speech understanding (Shannon et al. 1998; Rosen et al. 1999 ). This may explain why more subjects performed similarly with the basal and middle electrode sets for medial consonants, as high-frequency information is coded in the basal region of the cochlea.
In addition, vowels require better spectral discrimination than consonants, which are more easily distinguished on the basis of temporal information (Rosen 1992 , Rosen et al. 1999 . As a result, vowels are more susceptible to the negative effects of spectral mismatch (Shannon et al. 1998 ). Adequate temporal information was presumably available to the subjects in Experiment 1, whereas frequency information was altered. This may help explain why, on average, performance was better for the medial consonants than for the other stimulus types. Subject counts for medial consonants were also less consistent than for the other tests in regard to the better electrode region (see Tables  3 and 4 ). Finally, the medial consonant test was the only test for which two subjects demonstrated equal performance for two different electrode sets.
Results of both experiments in the present study indicate no effect of stimulation rate on speech perception in an acute experiment. One consideration is that subjects had a shorter acclimatization period with the stochastic rate compared with the daily rate. It is not known whether extended use of a subject's stochastic rate might improve speech-perception results, as the present study only focused on acute measures. It is also possible that the speech-perception tasks in Experiment 1 were too difficult for subtle effects of rate to become apparent. Future studies will address these issues by comparing performance using the full electrode array with stochastic rates to the subject's daily rate with a longer acclimatization period for the stochastic-rate map.
The results pertaining to stimulation rate obtained by the present study are consistent with those found by Verschuur (2005) , Plant et al. (2007) , Weber et al. (2007) , and Shannon et al. (2011) who also found little to no consistent effect of stimulation rate on speech perception. The results of the present study differ from those of numerous other studies (Kiefer et al. 2000; Loizou et al. 2000; Vandali 2000; Holden et al. 2002; Nie et al. 2006; Arora et al. 2009 ), which found that stimulation rate does have an effect on speech perception. Differences in results across studies could be due to differences in the choice of speech-perception materials or stimulation rates, as well as small subject numbers. In the present study, only nine subjects were able to participate using their stochastic rate (with a full data set for only seven) because of device limitations or lack of measurable ECAP responses. It may also be difficult to define one general pattern of optimal stimulation rate due to the variability in auditory nerve temporal responses across listeners and regions of the cochlea.
One limitation of using the high stimulation rates that were included in this study was that a reduction in pulse width was necessary to achieve the higher rates. Smaller pulse widths are often perceived as being quieter to the CI user and thus an increase in amplitude is typically required. If amplitude is increased to a great enough extent, it will eventually cause an electrode to exceed voltage compliance limits. For two subjects (N4 and F7) the basal map used with the stochastic rate (3500 pps for both subjects) could not be tested. In one case, no perception of sound occurred before voltage compliance limits were reached and in the other, a comfortable loudness level could not be obtained. It is possible that the pulse widths were too narrow for these subjects to perceive adequate loudness before compliance limits were met. Because of voltage compliance issues, using a subject's stochastic rate may not be an option for some CI recipients, or changes may need to occur in CI manufacturing before it is a possibility.
Investigating the use of stochastic rates in the present study posed other challenges. The determination of each subject's stochastic rate depended on the stimulation rates for which ECAP responses were measured. It is possible that a subject's stochastic rate could have fallen between two of the stimulation rates for which ECAP responses were measured (Hughes et al. 2012 ). Furthermore, the stimulation rates available in the CI programming software did not always equate to the subject's stochastic rate (i.e., for Advanced Bionics recipients). It is unclear what effect, if any, this may have had on the results of the present study.
The subjects in this study used a wide variety of daily rates, which may have been a factor in how stimulation rate affected speech perception. For the majority of the subjects who were tested using both their daily and stochastic rates, the stochastic rates were higher than the daily rates. However, for subjects C29 and C39, the daily stimulation rates were higher than the stochastic rates. It is not clear what effect a further increase in stimulation rate beyond an individual's stochastic rate has on speech perception, although several studies have shown plateaus in performance with increasing stimulation rate (Fu & Shannon 2000; Loizou et al. 2000; Friesen et al. 2005 ). In the present study, there was no consistent pattern for these two subjects in terms of an optimal rate. In Experiment 1, subject C29 performed better with the stochastic rate in six of the nine region-test combinations, whereas subject C39 performed better with the stochastic rate in only four of the nine regiontest combinations. Using the full-array maps, subject C29 performed similarly using the daily and stochastic rates, and subject C39 performed slightly better on all speech-perception tasks using the stochastic rates.
Effects of channel interaction also need to be taken into consideration. The stochastic rates used in the present study were based on single per-channel rates. It is known, however, that significant overlap in neural excitation occurs between adjacent electrodes (e.g., Hughes & Abbas 2006) . Therefore, stimulation on adjacent electrodes, such as that which occurred in the present study, could result in an overall faster aggregate stimulation rate for a given electrode's corresponding neural population than what was intended (Matsuoka et al. 2001) . Again, it is not clear how this may have affected the present results.
The primary purpose of this study was to determine whether stochastic rate may be a good predictor of optimal stimulation rate for speech perception; however, no significant effect of stimulation rate was observed. Although ECAPs may potentially provide an indication of optimal stimulation rate for a CI user, the results of the present study regarding use of the stochastic rate as an optimal stimulation rate are unclear. Given the small number of subjects and acute nature of the study, further research on the topic is warranted.
